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ABSTRACT 

Surges of head and dischar~e were studied experimentally in a laboratory 
pipe system having check structures spaced equally along the pipe. 
Surges developed when the downstream portion of the check structures did 
not flow full. The surges were initiated by the release of air en- 
trained in the downstream leg of the check structures, and the surges 
were amplified as the flow passed through the successive pipe reaches. 
The experiments were made for various inflows steady at the upstream end 
of the system. Plots of surge magnitude vs. inflow rate showed two 
peaks. One peak apparently resulted from surges initiated by air re- 
lease through the vent downstream of the check structures; the other 
peak originated from surges initiated by air release through the down- 
stream leg of the check structure. The nonlinear momentum equation was 
integrated numerically to predict the growth of the discharge surge from 
one pipe reach to the next. The results were in good agreement with the 
experiments for different head loss conditions and for pipe reaches with 
and without surge tanks. 

DESCRIPTORS-- *pipelines/ *surges/ hydraulic models/ laboratory tests/ 
surge tanks/ closed conduit flow/ fluid flow/ fluid mechanics/ computer 
programming/ hydraulics/ air entrainment/ check structures/ os~illati~n/ 
*water pipes/ momentum 
IDENTIFIEFIS-- *pipeline surges/ Runge-Kutta method/ surge waves 

iii 





PURPOSE 

Analytical and experimental studies were  made t o  investigate the 
type'and magnitude of surges  which can develop when there  is steady 
inflow into a pipe system containing a s e r i e s  of check s t ruc tures .  
Methods of surge  control were  a l so  investigated. 

CONCLUSIONS 

Surges of head and discharge can develop for  steady inflow into a 
pipe system which contains a s e r i e s  of check s t ruc tures .  Small 
surges  existed i n  the upstream par t  of the pipe sys tem and these 
surges  were amplified as the flow passed thro~lgh  successive pipe 
reaches .  In this study the r e l ea se  of a i r  which was entrained i n  the 
downstream par t  of the check s t ruc tures  seemed to  be the disturb- 
ance which initiated the surges .  

An analysis has  been developed and has been used successfully to 
predict the change in surge  magnitude from one pipe reach to the 
next both when the downstream reach had no su rge  tank and when 
i t  included a surge  tank. 

It was found both analytically and experimentally that the  magni- 
tude of surging was reduced by the u s e  of a surge  tank. However, 
a tank did not completely remove the surging and the remaining 
surge  was  amplified again a s  the flow passed through the reaches  
downstream of the tank. 

APPLICATIONS 

T h e r e  a r e  many types of flow disturbances which can s t a r t  surging. 
These  disturbances never  can be completely eliminated. I t  is m o r e  
practicable to  seek  means of controlling surge  magnitude ra ther  
than trying to  remove all the possible causes of surging. 

The maximum amount of amplification of flow di.sturbances occurs  
when the natural  period of oscillation for  a pipe reach is the s a m e  
a s  the period of an inflow disturbance. This  undesirable situation 
often occurs  when the pipe reaches  between successive check s t m c -  
t u re s  a r e  identical and ronscquently have the same natural  periods 
of oscillation. Generally, any modifications thst  will change the 
natural  frequency of oscillation in  successive pipe reaches  will 
reduce the amount of surge  amplification. The most benefit is ob- 
tained i f  the natural  period of a pipe reach is g rea t e r  tha.3 1. 4 t imes  
the period of the inflow oscillation. Under this condition, the in- 
coming flow disturbance wilYbe damped r a the r  than amplified. 
The natural  period may be increased by increasing the length of 



pipe in  a reach  o r  by including a su rge  tank in  the reach. An analy- 
sis is given in the repor t  to estimate the amount of reduction in  
surge  amplification which would resul t  f rom a given change in  a 
pipe reach. 

INTRODUCTION 

Water delivery sys tems  a r e  tending more  and more  to  be systems 
of closed conduits ra ther  than open channels. In pipe systems,  t he re  
is generally a choice of having the control valve either a t  the up- 
s t r e a m  end o r  a t  the downstream end. If the control valve is placed 
at  the downstream end of thc pipeline, then the design p re s su re  for  
the pipe must  be derived from the elevation difference along the pipe 
to  account for  the hydrostatic condition when the valve is closed. 
When the drop in  elevation along the pipe is large,  the design p r e s -  
s u r e  f o r  the pipe m a y  become prohibitive. On the other hand, if an 
upstream control valve is used, i t  may be possible to u se  a lower 
design pressure .  

When upstream control is used, check s t ruc tures  must b e  spaced 
along the pipe. Three  possible types of check s t ruc tures  a r e  shown 
i n  F igure  1. No doubt other  configurations could a lso be used. 
Whatever the configuration, the s t ructure  must (1) provide an over- 
flow point high enough in  elevation t o  keep the pipe f rom draining 
when there  is no inflow, (2) have a great  enough total height s o  that 
the s t ruc ture  does not overflow for  the design discharge or ,  in  other 
words, enough height s o  that the hydraulic gradient always pas ses  
below the top of the s t ructure ,  and ( 3 )  provide an  a i r  source to keep 
negative p re s su re s  f rom developing when th- discharge is l e s s  than 
the design value. 

Usually the check s t ructures  a r e  designed s o  that the hydraulic 
gradient is above the c r e s t  of the check for  the design discharge 
(Figure 1). F o r  sma l l e r  discharges, water spil ls  into the down- 
s t r eam portion of the s t ructure .  Tnus for discharges l e s s  than 
the design value, the check s t ruc tures  effectively divide the pipe 
into separate  reaches .  (The t e r m  "reach" is used he re  to  r e f e r  to  
the length of pipe between two check s t ruc tures . )  It is possible for  
the flow in the various reaches  to  interact  in a manner to develop 
surges  of discharge and piezometric head. Surging may be caused 
by variation of the inflow rate .  This  type of surging is being stud- 
ied by the Canals Branch of the Bureau of Reclamation i n  connec- 
tion with their  design of the Canadian River Aqueduct in  the north- 
western par t  of Texas (Reference 1). 

Surging may also develop for  a steady inflow i f  a source of disturb- 
ance is present.  These disturbances may be initiated by the escape 



of a i r  which is entrained in  the downstream portion of the check 
s t ruc tures ,  by p re s su re  drop due to wind blowing over  a vent, o r  
by anything e l se  that causes a momentary unsteadiness in  the flow. 
Thus,  analytical and experimental work was undertaken in the 
Hydraulics Branch of the Bureau of Reclamation to study surges  
which develop when the inflow is steady. 

. 
ANALYTICAL STUDIES 

. Previous Work 

Glover (Reference 2) has previously reported some analytical work 
on pipeline surges .  P a r t  of h i s  work applied the analysis of forced 
vibrations (Reference 3 ,  page 56) to  the iner t ia l  su rges  which develop 
in a single reach  of pipe in response to  a periodic inflow. The in- 
flow which he considered may be written a s  

where Q, is the amplitude of the inflow oscillation, t is t ime, To 
is the period of the inflow, and Qs is the average inflow. He 
assumed that Q, was much g rea t e r  than Q, and thus that the 
damping could be taken a s  l inear,  i. e . .  that the head lo s s  in  the 
pipe varied a s  the first power of the velocity. F o r  these conditions, 
he presented amplification factors  i n  F igure  1 0  and in Equation 17 
of Reference 2.  The  amplification factor  was defined a s  the ra t io  
of the maximum flow in the pipe to  Qm. 

Derivation of Differential Equation 

Assumptions. --The present  analysis extended Glover 's  work by 
removing the res t r ic t ion that Qs must  be much g r e a t e r  than Q, 
and by considering square-law damping i. e.  , taking the head 
lo s s  variations a s  proportional to the velocity squared.  The  
dimensionless inflow was written a s  

where Q;, = Qi, /Q, and Qr = Q /Q . Equation 2b was used to 
a s s u r e  that the analysls never too% &, a s  negative. If Qs was 
g rea t e r  than o r  equal t o  Q, (Q,) I ) ,  than Q '  of Equation 2a was 
never  negative and there  was no need to u se  dguation 2b. One 
period b f o ~ ~ u a t i o n  2 is plotted in  F igure  2 for  iloth Qs>  Qm (%> 1) 
and Q, < Q, (Q, < 1). 



B is an overall  loss  coefficient. The absolute value of the vel- 
ocity was needed to  preserve  the cor rec t  sign for  HL i f  the flow 
reversed  in the pipe. 

Continuity and momentum. --The physical situation which was 
analyzed is shown in Figure 3 .  Assuming the water to  be incom- 
pressible ,  continuity in the upstream vertical  leg required that 

where F w a s  the horizontal a r e a  available for s torage of water 
a s  the water surface rose  and fell .  Equation 4 assilmed that 
water  never overflowed the upstream leg of the pipe. Also, F 
was taken as a constant in the analysis, thus effectively assum-  
ing that the water surface never fell into the horizontal pipe. 

It was  assumed that the ra te  of change of momentum of water in 
the vertical  legs  was small  compared to  that i n  the horizontal 
pipe. The validity of this assumption was born out by previous 
work (Reference 2 ) .  Under the stat --I conditions, the momentum 
relation fo r  the horizontal pipe rr ieveloped a s  follows: 

C. external forces = mas. :eleration 

where y is the specific weight of the water, X F b  is the sum of 
the boundary forces  acting on the water in the horizontal pipe, 
and V is the velocity of flow in the pipe. HL was defined a s  



s o  that H wasonly that part of the,head.loss associated with 
boundary\orces.and did not include head loss due to  the decay 
.of turbu!ence,.generated bythe inflow. With this definition of 

olation becomes HL, ' the momentum r, 

Equations 4 and 5 can be. combined to eliminate y by differentiat- 
ing Equation 5 with respec t to  t. Replacing HL from Equation 3 
and writing the resulting equation in dimensionless form, one 
obtains 

where Q' = Q/$1 

T, = 2 r r J ~ ~ l g ~  

To obtain Equation 6, d IQ' 1 .  /dt was replaced by (sign Q ' )  
dQt idt and then (sign Q'). Q' was replaced by Q' I .  T, is the 
undamped natural period of oscillation of the pipe (Reference 2 
o r  4). R is called a damping coefficient since R is proportional 
to B, which is a measure of the head Loss (friction) in the pipe. 

Discussion of the solution 

The solution of  quat ti on 6 gives Q '  as a function of t ' .  As time 
. increases, this solutionbecornea periodic with period To. That 
is, when the initial transients die out, the flow in the pipe oscillates 
with the same periodas the inflow. The periodic part of the-solu- 
tion depends'on the.three dimensionless parameters Qp, R, and T,. . 
The length of time required for the pipe flow to become periodic 
also depends on these three parameters and on the initial conditions 
used for the solution of. Equation 6 .  



obtained but with y as the dependent variable and with a fourth 
dimensionless pa rame te r  in addition to Q,, R, and T,. 

Since Equation 6 is nonlinear, it  was solved numerically using the 
Runge-Kutta technique (Reference 5, page 358). The FORTRAN 
computer program used for the solution is l isted in Appendix A. 
The program was  written s o  that any type of damping and any type 
of inflow could be  used by inserting the proper  statements in a 
function subprogram. The accuracy of the program was verified 
for  the case of l inear  damping by comparing the numerical  resu l t s  
with the analytical resu l t s  presented by Glover (Reference 2). The  
resul ts  of the p rogram were also checked to  s e e  that the average 
pipe flow was equal to  the average inflow, that the pipe flow was 
symmetrical  with respec t  to zero  for  Q = 0, and that the ultimate 
periodic flow was  independent of the in i6a l  conditions used f o r  the 
solution. 

F r o m  the numerical  computations, the maximum and minimum val-  
ues  of Q1 a r e  plotted in Figure 4 for Q, = 1 and = 2 .  In each 
case,  a range of values for T, and R is covered. The numerical  
solution did not converge for  R = 0. The  limiting curves for the 
hypothetical ca se  of R = 0 were obtained analytically f rom the par t ic  
u l a r  integral  (QQ of Equation 6 with R = 0. As Glover points out 
(Reference 2), the par t icular  integral represents  the conditions 
a f te r  the initial oscillations have died out. It can be verified by 
substitution that a particular integral is given by 

Q' = 
P 2 

lr sin 2.rrtT + ~p 
Tr - 1 

s o  that the maximum and minimum values of Q1 a r e  given by 

F o r  T, < 1, the  minus sign gives QLax and the plus sign gives 

Q& . F o r  T, > 1, the opposite is t rue .  

Referring to F igu re  4, it can be seen that a s  T, approaches zero,  
the flow in the pipe approaches a steady s ta te  (no oscillation and 
Q1 = Qr o r  Q = Qs) regardless  of the value of R. A very long pipe 
where T n  was much grea te r  than To would be  one conditior, that 
would give Tr approaching zero.  Another method of obtaining a 
la rge  T, would be to  have the a r e a  (F) of the upstream leg much 
l a rge r  than the  a r e a  (A) of the pipe. On the other hand, a s  T, 



gets la rger ,  the oscillations in  the pipe flow become equal in magni- 
tude to  the inflow oscillations. This  condition might correspond t o  
a very short  pipe where Tn was much smal le r  than To. 

Fo r  R > O  and Qr>O, the pipe flow (Q')  is not symmetrical  with 
respect to  Q, even though the flow is periodic. This asymmetry 
results  from the damping which is proportional to the velocity. 
Thus, the discharges near zero receive l e s s  damping than the dis-  
charges fa r ther  f rom zero. The asymmetry for a typical case is 
shown in Figure  5 ,  which also shows schematically the variation 
of damping and amplification a s  the discharge varies.  The asym-  
metry is also evident from the curves in  Figure  4 in that Qhin 
tends to deviate more  from % than QLaxdoes ,  i .  e . ,  

The evidence of greater  damping of higher flows may also be seen 
by comparing the curves in Figure  4 for  Q, = 1 with those for 
Qr = 2 .  F o r  Qr = 2 the dimensionless inflows vary f rom 1 to 3 
while for  Q, = 1, the inflows vary f rom 0 to 2 .  Thus, for  a given 
R, the inflows a r e  greater on the average and a re ,  therefore,  more  
highly damped f o r  the higher G. This shows up in the fact that 
Qi,, is always l e s s  than Q, + 1 for  R = 0 .3  if  Qr = 2,  while a 
va ue of about R = 0.6 is required for  Qhax to be l e s s  than Q, + 1 

EXPERIMENTAT, PROGRAM 

The purpose of the experimental program was (1) to investigate the 
magnitude and type of both discharge surges  and head surges  which 
occur with steady inflow into the laboratory pipeline, (2) to  seek an 
explanation for  the surging, (3)  to  check the validity of the analyti- 
cal work described above, and (4) to seek possible means of surge 
reduction. 

Description of T e s t  Facility 

Pipeline. --The general layout of the pipeline system which was 
used for  these surge studies is shown in  Figures 6 and 7 .  This  
pipeline was originally built in  the Hydraulics Laboratory of the 
Bureau of Reclamation for  studies requested by the Canals 
Branch. 

The pr imary  features of the pipeline were the pipe checks spaced 
along the pipelines. The purpose of the pipe checks was discussed 



in the introduction. A study of the hydraulics of the pipe checks 
has been previously reported (Reference 6). 

The majority of the pipe was 4-inch (10.2-cm) outside-diameter 
by 3. $-inch (9. 8-cm) inside-diameter aluminum. la the pipe 
checks, the top 180° bend and the downstream leg were made of 
3.75-inch (9.52-cm) inside-diameter transparent plastic. There  
were  deposits (apparently aluminum oxide) throughout the alumi- 
num pipe. A height of deposit of 1 /16  to  1 /8 inch (1 16 to 1 /3 cm) 
and a lateral  dimension of 114 inch ( 3  / 4  cm) were not uncommon. 
The spacing between deposits was of the order  of 2 to 3 inches 
(5 to 10 cm). 

Downstream of each check stand, the pipeline had, in order ,  
(1) a 2-inch (5. 1-cm) diameter vertical pipe to se rve  a s  a release 
vent fo r  air entrained in the downstream leg of the pipe check, (2) 
a piezometer tap at the same  elevation a s  the centerline of the 
pipe, (3) a 2. 500-inch (6. 350-cm) diameter orifice with pressure  
taps, and (4) a sliding gate to allow regulation of the amount of 
head lost  between pipe checks. 

Orifice calibration. --A calibration of the f i rs t  orifice (Q1) at 
the upstream end of the pipe i s  shown in  Figure 8. The discharge - 
coefficient fo r  this orifice; which was calibrated in place, was 
0.667 giving a discharge equation of 

Q (cfs) = 0.183 8 

No calibration was done for reverse  flow through the orifice. The 
calibration (Equation 8) was found to be valid fo r  orifices Q5 and 
Q6 also. The  discharge coefficient for  orifices Q4 and Q7 was 
2 percent Lower (0. 654) giving a discharge equation of 

f o r  these two orifices. The orifices Q2 and Q3 were not cali-  
brated and were  not used in this study. 

The orifices were  calibrated for  steady flow and then used to  
measure  unsteady flow. I t  is felt that the unsteadiness did not 
introduce appreciable e r r o r  because of the relatively slow accel- 
eration of the flow (Reference 7) and because the head drop was 
sensed with an electronic (variable reluctance) pressure  t r ans -  
ducer and recorded on a s t r ip  oscillograph. The period of 
oscillation was of the order  of 17 seconds. 



Tes t  Procedure 

Surge measurement. --The regulating valve downstream of the 
head box was se t  in a fixed position thus establishing a steady 
inflow into the pipeline. The inflow ra t e  was measured a t  the 
orifice Ql .  When the check stands were not flowing full, surges  
generally developed in  the pipeline. The surging of head and 
discharge were recorded by pressure  t ransducers  and a multi- 
channel oscillograph. 

Because of the noise which developed in the electronic measuring 
system, a l -second averaging time was usually imposed on the 
output of the pressure  transducers before this output was recorded. 
The noise was probably due to physical vibration of the t rans-  
ducers, but pressure  surges  in the tubes leading to the t rans-  
ducers may have been a contributing factor.  The amplitude of 
the noise was too great to have been due to turbulent pressure  
fluctuations in  the pipe. Since the period of the surging was 
about 17 seconds, i t  is felt that the 1-second averaging did not 
appreciably affect the resul ts .  

Conditions investigated. --Data were taken at the various piezom- 
e t e r  stations and discharge stations for  four hydraulic conditions: 

(1) Sliding gates completely open (called "low head loss")-- 
Runs S1-522 

(2) LOW head loss  and an 8-inch-diameter surge tank down- 
s t r eam of pipe Check 5--Runs S23-S47 and S102-S110 

(3) Sliding gates partially closed (called "high head loss") 
and same surge tank as Condition No. 2--Runs S48-S69 
and S93-S101 

(4) High head loss and no surge tank:-Runs S68A-S92 

The surge tank was installed by replacing the 2-inch (5.1-cm) 
a i r  re lease vent pipe downstream on Check 5 with an 8-inch 
(20. 3-cm) pipe a s  shown in Figure 9. Thus, there  was a 2-inch 
(5.1 -cm) diameter nipple about 1 inch (2. 5 cm)  long between the 
4-inch (10.2-cm) pipe and the $-inch (20.3-cm) surge tank. 

F o r  the high head loss condition, the settings of the slide gates 
were adjusted by t r i a l  until the piezometric head stood 0 . 7  foot 
(18 cm) above the invert  of the top of each pipe check fo r  an 
opening of 5.47 inches (13. 9 cm) in the control valve. This  
setting gave a discharge of 0.153 cfs (4330 cclsec) .  



Head Loss  Determination 

When the pipe checks did not flow full, the total loss  of head between 
any two checks was always equal to  the difference in  elevation 
between the top inver ts  (overflow points) in  the checks. P a r t  of this 
head loss  w a s  due to the decay of turbulence generated a s  the water 
spilled into the downstream leg of the check. 

As mentioned previously in  the section of Analytical Studies, the 
head lo s s  which is significant a s  a damping agent in su rge  analysis 
is only the loss  due to the boundary forces .  Th i s  loss  was deter-  
mined in two ways: (1) by measuring the total loss  between any two 
checks flowing full and (2)  by measuring the loss  between the pie- 
zometer  tap downstream of one check and the top invert  of the next 
check. F o r  the f i r s t  method with the checks flowing full, t he re  was 
no head lo s s  due to  water spilling into the downstream leg of the 
checks. Thus, all of the head loss  was due to  boundary forces .  F o r  
the second method, the piezometer was 90 inches (229 cm) down- 
s t r eam of the pipe check. Thus, the head loss  measured by this 
method excluded the loss  due to  water spilling over the pipe check. 
F o r  this method, the loss  w a s  measured i n  only the f i r s t  two pipe 
reaches because of the surges  which developed in  the lower reaches.  

The resu l t s  of the head lo s s  measurements  a r e  shown i n  F igure  10.  

= 30 Q " ~  for  Q <0 .10  cfs 

while f o r  the high head loss,  the corresponding equations were  

= 37 Q ' . ~  for  Q c 0 . 1 0  cfs 

10 

where Ii is in  f t  and Q is in  cfs. 
L 

HL f o r  the higher head lo s s  is 1 . 2 3  t imes  that for  the lower head 
loss  condition. Notice f rom Figure  10 that. the head loss  data did 
not extend below Q = 0. 03 cfs (850 cc / sec )  but that Equations 10a 
and l l a  were  taken as applying for  Q < O .  03 cfs (850 cc j sec ) .  In 
this range, HL was probably higher than indicated by the equations. 

F o r  high enough Reynolds numbers in  hydraulically rough pipes, 
HL is proportional to  Q 2  . However, s ince the pipe Reynolds num- 
b e r  used in  determining HL varied only f rom about l o 4  to  6 x l o 4 ,  



it  should not be surpr is ing that HL was proportional to Q t o  a 
power l e s s  than two. 

Experimental  Results 

Oscillograph recordings.  --Typical oscillograph recordings f o r  
par t  of two runs  a r e  shown i n  F igu res  11 and 12. F r o m  the 
recordings, the following obse rvk ions  were  made: 

(1) F o r  a given measurement  station and a given steady inflow 
the amplitude of the su rges  varied in  t ime .  The s u r g e s  some-  
t imes  almost died out and then began again. Th i s  fact indicated 
that the surges  were caused by some flow disturbance and not 
f r o m  the unsteadiness which occurred while the inflow was 
being established. A given l a rge  o r  smal l  su rge  generally 
traveled down the pipe and could be detected at  successive 
measurement  stations.  

(2 )  F o r  the lower inflow ra t e s  (approximately 0 t o  0. 10 cfs 
(2,800 cc l sec ) ) ,  the surges  occurred with an essentially con- 
stant frequency. The shape of the surges  was not t ru ly  s in s -  
soidal, but generally had a sha rpe r  c r e s t  and a f la t ter  trough 
than a s ine  wave. 

(3) F o r  the higher inflow ra t e s  (about 0.10 cfs (2,800 c c l s e c )  
until the  pipe checks began to  flow full), the interval  of occur-  
rence  of the su rges  was i r r egu la r  and the shape generally did 
not even approximate a s ine  wave. Rather, the negative par t  
of the su rge  was always l a r g e r  in  amplitude than the positive 
par t  of the surge .  

Summary of resu l t s .  - -For  each inflow ra te ,  oscillograph records  
of the type discussed above were  taken f o r  a t  l eas t  7 o r  8 minutes. 
F r o m  each of these records ,  the la rges t  su rge  was selected and 
the maximum and minimum points on the su rge  were  plotted on 
summary  graphs for  a given hydraulic condition and a given 
measurement  station. These  summary  grabhs a r e  presented i n  
F igu res  13 to  16. Some of the data  which indicated an average 
discharge greatly different f rom the t rue  average discharge 
were  not included on the summary  graphs.  F r o m  the graphs,  
the following observations were made: 

(1) The data points do not fa l l  on well-defined curves .  The 
sca t t e r  of the data points no doubt resulted f rom factors  
a l ready  mentioned. namely that the amplitude of the su rges  
varied with t ime  and that about 7 o r  8 minutes of record  was 
taken f o r  each station. Due to  the varying amplitude, the  
maximum su rge  which occurred in  the period of r eco rd  was 



evidently not always the same.  Thus, it s eems  tha t  the 
envelopes sketched on the summary graphs a r e  more signifi- 
cant than the sca t te r  of the individual data points. The enve- 
lopes represent  approximately the extremes of the surges  
which occurred during the testing program. 

(2)  On all  of the summary graphs which cover the full range 
of inflows, there  a r e  two peaks in  the surge envelope. The 
first peak occurred for  the type of surges  mentioned in Com- 
ment No. 2 in the paragraph on Oscillograph Recordings, and 
the second peak occurred for  the type of surge mentioned in 
Comment No. 3.  

(3) The effect of the 23 percent change in  the head loss  condi- 
tion (Equations 10  and 11) can be seen by comparing the graphs 
for the same measurement station but with the different loss  
condition. F o r  convenience, a comparison is presented in 
Figure 17A. As would be expected, the surges  were some- 
what smal le r  for  the higher head loss .  Also, the surges  
stopped altogether at a lower discharge for the high head loss  
than for  the low head loss .  This was due to  the fact that the 
downstream leg of the pipe checks began t o  flow full a t  a lower 
discharge f o r  the higher H . 

L 
(4) Using Figure  14A, B, and C a s  an example, it is seen  that 
the surge  tank caused the surge in  Reach 5 to  be l e s s  than the 
incoming surge  f rom Reach 4. However, downstream of 
Reach 5 ,  the surge was amplified again. The effect of the 
surge tank on reducing the surge a t  a given point a l so  is shown 
in Figure 17B. which compares the discharge surge  at Q6 
with and without the surge  tank in Reach 5. 

Discussion of Results 

Cause of surges .  - -For  these experiments which were made for  
a steady inflow, the s torage and release of entrapped a i r  s eems  
to  have been the source of initiating the surges.  Water falling 
into the downstream leg of the pipe checks entrained a i r ,  and 
some of this a i r  was car r ied  into the horizontal pipe where i t  
collected into large bubbles along the top of the pipe. These 

. 
bubbles were released ei ther  by traveling dowostream and 
escaping through the a i r  re lease  vent pipe o r  by traveling up- 
s t r e a m  and out through the pipe check. The released a i r  was 
replaced by water, thus a temporary unsteadiness in the flow 
was created and some unbalanced momentum was fed into the 
flow. A smal l  oscillation resulted f rom the unbalanced momen- 
tum, and further re leases  of a i r  then took place in phase with 
the oscillations which existed in the pipe. 



had-not been involved. The equal spacing of the pipe checks pro- 
vided a succession of pipe reaches  with nearly identical natural  
periods of oscillation. Thus,  the smal l  oscillations which origi-  
nated in  the upstream reach were amplified into sizable surges  
as the flow passed through successive pipe reaches .  (See d i s -  
cussion in  Reference 2 also. ) 

It is felt  that the two peaks in  the surge envelope can be explained 
by two different modes of a i r  entrapment and release which were 
observed to take place. Refer to  F igure  13A for  an example of 
the surge envelope and s o  that specific numbers may b e  used in  
the following discussion. F o r  inflows f rom 0 to about 0. 10 cfs 
(2,800 cclsec) ,  the entrained air which was car r ied  downstream 
by the flow was re leased through the 2-inch (5.1-cm) air release 
vent and surges  resulted a s  discussed above ( see  F igure  18). 
As the inflow increased above 0.03 cfs (850 cc l sec) ,  the reduc- 
tion in  the magnitude of the surges  was probably due to the 
increased res is tance o r  damping associated with the higher flow 
rates .  F o r  inflows above 0.10 cfs (2,800 cc / sec) ,  the flow 
began to  show a significant separation a s  it passed through the 
first 45 degree bend at the bottom of the pipe check. Some of 
the entrained a i r  collected i n  this separation zone, and when the 
volume of a i r  became great  enough, the la rge  bubble passed back 
up through the downstream leg of the pipe check, (see  F igure  19). 
In this manner,  a l a rge r  bubble could collect and escape through 
the check than through the 2-inch vent. Thus, a l a rge r  flow dis-  
turbance occurred and surging increased again. The surging 
ceased f o r  an inflow of about 0 .15  cfs (4, 300 cc / sec)  because 
the pipe checks were  essentially flowing full a t  this discharge. 
It has already been observed that the character  of the surges  
f o r  inflows above 0.10 cfs (2,800 cc l sec )  were  different f rom 
those for  lower inflows. 

Comparison with analytical work. - -From the experimental work, 
the surges  which occurred i n  one reach of pipe were taken a s  the 
inflow variations f o r  prediction of the surges  in  the next pipe . reach. Of course,  when a negative flow occurred in one reach, 
the inflow to the next reach was ze ro  r a the r  than negative. This  
situation was accocnted for  in  the analytical inflow of Equation 2 
and Figure  2. As prw.<ously mentioned, the shape of the experi- 
mental surges was not t ruly  sinusoidal. 

It is possible that a negative inflow could occur  in  a reach if the 
su rge  in that reach  became great  enough that water flowed back 
over the  overflow point in  the check at  the upstream end of the 
reach. Th i s  possibility was not considered i n  the analysis. 



In o rde r  to  p red ic t the  surges  in the second reach, values were  
neededfor  Qs, Qm, and Q to 'character ize  the inflow and f o r  
R and Tp to characterize:&e pipe. The values used fo r  Q,, 
Q,, and Qr a r e  indicated on the summary  graphs of the surges  
(Figures  13A, 14A, 14B, 15A, 15B, and 16A). F o r  conditions 
w h e r e t h e  negative par t  of the surge  was much g rea t e r  than the 
positive pa r t  (e. g . ,  inflow of 0.127 cfs (3,600 c c / s e c )  on F ig-  
u re  13A), Q, was taken as the average of the maximum and 
minimum values of the discharge ra ther  than a s  the actual average 

The damping coefficient R was calculated according to  the 
definition following Equation 6 .  The analysis assumed that the 
damping followed a square law while the head lo s s  actually 
varied a s  some power l e s s  than two. This  condition was taken 
into accounfby assuming that the head loss  coefficient varied 
with discharge.  Using Equations 3, 10, and 11 and using Qs 
as the bas i s  fo r  calculating B, one may show for  the low head 
l o s s  condition that 

B = ~ O ( Z ~ A ~ ) / Q : ' ~ ~  for  Qs< 0. 10 cfs 

B = 4 5 ( 2 g ~ ~ ) / Q 0 . 3 5  for  Qs> 0. 10 cfs 
S 

R = 1.60 - 
and fo r  the high head lo s s  condition that 

B = 5 5 ( 2 g ~ 2 ) / ~ i . 3 5  f o r  Qs> 0.10 c fs  



In these  equations, 9, must  be in  cfs.  Tn calculating R, the  pipe 
e r e a  (A) of 0.0830 f t  (77.1. cm? and the  total  length (L) of 
175. 4 ft (53.  5 m)  between pipe checks has been used. The  factor  

was unity fo r  the pipe reaches  wi thouta  su rge  tank. With 
an  8-inch (20.3-crn) d iameter  su rge  tank, ~ F / A  was equal to 
f i s i n c e  the a r e a  F included both the a r e a  of the  downstream 
leg of pipe check and the su rge  tank a r e a  which was  four  t imes  
that  of the pipe. 

When no surge  tank was used,  T, was taken a s  unity s ince the 
frequency of the  inflow variat ions was about the  s a m e  a s  the  natural  
frequency of the  pipe reaches .  F o r  predicting su rges  in  a pipe 
reach  with a surge  tank, i t  was assumed that  the period of t he  in-  
flow variat ions was  equal t o  the  na tura l  period of the  pipe reaches  
ups t ream which did not have surge  tanks (Subscript 1). The  nat-  
u r a l  period of the  reach with the s u r g e  tank (Subscript 2 )  was 
assumed t o  be given by the definition of T, following Equation 6. 
Thus 

s ince L1 = L and the  a r e a  F includes both the  a r e a  of the down- 
s t r e a m  leg of the  pipe check and the  a r e a  of the  su rge  tank. F o r  
T, = 0.45,  the predicted surges  a r e  not very  sensit ive t o  the  value 
of R as long a s  R is l e s s  than about 0. 5, (see  F igu re  4). 

T:le predicted su rges  a r e  shown i n  comparison with the data  i n  
F igures  13A, 133 ,  14B, 14C, 15B, 15C, 16A, and 16B. Since 
the  scope of the  analytical curves  presented in  F igu re  4 is r a t h e r  
limited, the  predicted su rges  were  obtained by the numerical  
solution of the  differential equation (Equation 6) fo r  each condition 
indicated on the figures.  . 
As shown on the  f igures ,  the  predicted su rges  were  in  r a the r  good 
agreement  with the  data  both with and without the  s u r g e  tank. The 
worst  agreement  occur red  when the  inflow r a t e s  were  below about 
0 . 4  cfs (11,000 c c l s e c )  with the  predicted su rges  generally being 
g r e a t e r  than the  observed su rges  (except f o r  the  reaches  which 
included a surge  tank). It has  previously been pointed out that 
data  were  not taken to  determine the head l o s s  fnr- this  low range 
of d i scharges  and that  the  head l o s s  was probably higher than 
that  used f o r  the predicted surges ,  (Equations 10a  and l la) .  An 



. - 
dicted surges .  It has a lso been pointed out t h a t  the surge  tahk 
was not very sensit ive to  the value of R. Thus,  an increase  in  
H and R would not significantly affect these la t te r  predictions. 

L 
. . -  

Comparison with unsteady inflow. --Data were:"$<ai'l&le .. . ~.. ... ~. . for  the 
high head lo s s  condition f rom some t e s t s  which'hadaevrimade 
pr&iously with an  unsteady inflow where the discharge was 
increased in an essentially l inear fashion f rom z e r o  to 0.153 
(4, 330 c c l s e c )  by a specially designed valve. Figure  20 com- 
p a r e s  su rges  measured for  various steady inflows with the surges  
which took place for  the s ame  i ~ f l o w  under unsteady conditions. 
The figure shows su rge  data f o r  gate-opening t ime of 2,880 sec.  
and 1 9 5  sec.  Although this is a ra ther  limited comparison, it 
appears  that f o r  the longer opening time, the surges  were approxi- 
mately equal in magnitude to  those obtained with steady inflows. 
Thus,  the surges  for  the longer opening t ime were  apparently 
not influenced by the unsteadiness of the inflow but ra ther  wer.e 
due to the s ame  causes a s  the surges  with steady inflow. On 
the other  hand, the su rges  with the sho r t e r  opening t ime were  
l a rge r  for  the unsteady flow. Thus, there  was apparently some 
additional s ~ r g i n g  associated with the unsteady inflow. 

Methods of su rge  control. --When all reaches  of pipe between 
successive pipe checks a r e  identical, the various reaches  have 
the same natural  period of oscillation, and T, is equal to  unity 
f rom one reach to  the next. A pipe system of this type is essen-  
tially a surge  amplifier  and has  nothing in  it to  cause surge  
reduction except frictional res is tance.  However, f o r  economic 
reasons,  a pipe is usually designed to keep frict ion at  a minimum 
so  that there  is little damping to  control the surge  magnitude. 

Almost any change to  make a pipe reach  have a natural  frequency 
different f rom the preceding reach will cause T, to  be different 
f rom unity and thus help reduce the surges  relative to  what they 
would be for  identical reaches .  However, the most  benefit can 
be obtained by making T, l e s s  than unity r a the r  than grea te r  
than unity ( see  F igure  4). As T, increases ,  the best  condition 
that can be obtained (for low values of R) is to  have the surges  
in  a reach  of pipe equal to, but never l e s s  than, the inflow 
surges .  On the other hand, a s  T, decreases  f rom unity, the 
magnitude of the surges  may be made arbi t rar i ly  smal l  by le t -  
ting T, become arbi t rar i ly  smal l .  In particular,  if T, is l e s s  
than 0.707, the surges  a r e  always l e s s  than the inflow surges  
regardless  of the value of R. If it is assumed that the  surges  
in each pipe reach  occur  a t  the natural  frequency of the reach,  
then T, can  be kept smal l  i n  a t  least  two different ways: (1) by 



making the pipe reaches  successively longer o r  (2) by using 
surge  tanks that a r e  successively la rger  if the reaches a r e  all 
the same  lengths. This  assumes  that the flow in each reach 
oscil lates at the natural  frequency of that reach.  This  is not 
necessar i ly  the situation though. If the osci?lations a r e  gener- 
ated at the natural frequency of one reach, the flow will have 
to  pass  through seve ra l  reaches before the frequency of surging 
changes. Thus, the length of the pipe o r  the  s i z e  of the surge 
tank would probably not have to be changed i n  each pipe reach. 
(Recall that T,, was defined as the ratio of the  inflow period to 
the natural perlod of the pipe reach and not as the ra t io  of two 
natural frequencies of two successive pipe r e a c h e s . )  

A possible a rea  f o r  fur ther  study might be the  investigation of 
the conditions under which the period of oscillation will change 
when the natural period of the pipe reaches is different from the 
period of the inflow. 

In a previdus repor t  (Reference 2 )  of work done by the Bureau 
of Reclamation, another method was presented and analyzed for  
controlling surge magnitude. This method was essentially a 
means of causing two o r  more  pipe reaches to  act a s  a unit by 
covering the pipe checks between the reaches .  At the same  time, 
relief valves were used to  l imit  the magnitude of both positive 
and negative p r e s s u r e s  which could develop under the covers.  
The system studied previously did not have air vents downstream 
of the  pipe checks. 

If enough head is available s o  that the damping coefficient R can 
be  made greater  than 0 . 6  (Figure 4), then su rges  bill not be 
amplified regardless  of the v-'qle of Tr . F o r  discharges less  than 
the design value, some  of the available head is dissipated by water  
falling into the downstream legs of the pipe checks. This head 
los s  is not effective in damping the surges.  If pa r t  of this head 
could be dissipated through the action of a boundary force such 
as partially closed gates,  then the damping would be increased. 
The amount of opening of the gates would have to be increased a s  
the inflow increased in  o rde r  to  pass  the higher flows without 
overflowing the check s t ruc tures .  Such a sys tem of variable 
gates could undoubtedly reduce surging, but the cost of installation 
and operation of the gates would probably be  prohibitive. 

The discussion above has  concerned possible means of preventing 
the magnitude of surging f rom becoming too large.  Another approach 
to su rge  control might be to  eliminate the disturbances which init i-  
ate the surges.  As discussed ear l ier ,  i t  is felt  that the surges i n  
the present study w e r e  initiated by re lease  of entrapped air. It 
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P A G E  NO. 1 
PROGRAM HXHSRG 

C NUMERICAL  I N T E G R A T I O N  OF NON-LINEAR MOMENTUM E Q U A T I O N  (EQ 69 H Y U 5 6 O )  

C FORTRAN 
C 
C READ CONSTANTS AND I N I T I A L  VALUES I N  STATEMENT 5. 
C S E E  D E F I N I T I O N S  I N  STATEMENT 20. 
C TO* QO, DQTO = I N I T I A L  VALUES OF Tc  Qc D O T I  WHERE CQT = DQ+'DT 
C N F N = 1  G I V E S  L I N E A R  D A M P I N G *  NFN=2 G I V E S  SQUARE-LAW D A M P I N G *  NFN=3  
C G I V E S  DAMPING F N D  I N F L O W  AS S P E C I F I E D  I N  F IJNCTION 
C SUBPROGRAM HXHFN F O L L O W I N G  STATEMENT 3 0 .  
C I F  N F N  a 39 2 CARDS MUST BE READ I N  STATEMENT 15 OF M A I N  PROGRhMe 
C THE I N F O R M 4 T I O N  ON THESE CARDS WILL B E  L I S T E D  AS PART OF T H E  O U l P U T  
C AND MAY B E  USED TO D E S C R I B E  THE D A M P I N G  AND INFLOW USED I N  T H E  
C F U N C T I O N  SUBPROGRAM HXHFN FOLLOWING STATEMENT 3 0 .  
C I N T E G R A T I O N  STOPS WHEh P E R I O D I C  FLOW I S  O B A T I N E D  I N  P I P E  OR W H t N  
C T = DT4tNMAX* WHICHEVER COVES F I R S T .  
C (NMAx - NBEG)*DT  = MAX. NO. OF P E R I O D S  OVER WHICH I N T E G R A T I O N  WILL BE 
C DONE, NORMALLY9 NBEG = 1. 
C 

U1MENSXON S P E C f Z O )  
5 READ ( 2 ! 1 0 )  P R c  R *  TRc  DTq  N B E G r  NMAXq TO, a09 DQTOw N F N  

10 FORMAT (4F9.59 2 1 6 3  I F 9 . 6 9  1 3 )  
I F  I E O F q 2 )  9999t101 

1 0 1  CONTINUE 
GO TO ( 1 1 c 1 3 r 1 5 )  N F N  

11 Y R I T E  ( 3 9 1 2 )  
12 FORMAT (1~1,  r x *  7 2 ~  L I N E A R  DAYPING W I T H  FORCING F U N C T I O N  P u o r o R r I  

l O N d L  TQ S I N ( Z . " P I * T )  + QR 1 
GO TO 18 

13 W R I T E  (3914) 
1 4  FORMAT ( l H l 9  4 x 9  7 6 H  SQUARE-LAW D A M P I N G  W I T H  FORCING FUNCTION PROP 

l O R T I O N A L  TO S I N ( 2 . n P I * T )  QR 1 
-GO TO 18 

15 READ ( 2 - 1 6 )  ( S P E C ( I ) * l  1 ~ 1 , 2 0 1  
16 FORMAT ( 1 0 1 8  / l O A 8 )  
, W R I T E  ( 3 , 1 7 1  ( S P E C I 1 ) v  I = i 9 2 0 )  

? ?  FORMAT ( l H l r  4x1 l O A 8  / 5 x 9  l O A 8 I  
18 CONTINUE 

W R I T E  (3920)  Q R t  R9 T R t  D T r  TO*  PO9  DQTO 
20 FORMAT I / 

1 5 x 1  6 i H  QR = AVG. I N F L O W / A M P L I T U D E  OF O S C I L L A T I N G  I N F L O W  CUMPONEN 
2 T  = s E9.5 / /  
3 5x9 2 2 ~ - R  = D A M P I N ?  FACTOR = r F9,5 / /  
4 5X .  4 r j H  TR = I N F L O W  P E R I O D I N A T U R A L  - P E R I O D  OF THE P I P E  = 9 F 9 * 5 / /  
5 5 X 1  4 7 H  D l  = T I M E  INCREMENT I N  N U M E R I C A L  I N T E G R A T I O N  = 9 t9 .5 / /  
6 5x9 2 8 H  T 2 T I M E / l N F L O W  P E R I O D .  I 
7 > X *  6 1 H  Q = D I S C H X R G E X A M P L I T U D E  07 O S C I L L A T I N G  I N F L O W  LOMPONE 
8NT .  1 
9 5x1 5 7 H  D Q I D T  = NONDIMENSIONAL  A C C E L E R A T I O N  I N  TERMS OF Q * N U T .  
A  / 5 x 9  2EH I N I T I A L  VALUES 9 T = 9 F9 .59  6 H u  Q = 9 P9 .59  
0 l O H *  D Q / D T  = 9 F9.5 / / )  

I F  i Q R  .EQ. 0.0) GO TO 4 0  
W R I T E  ( 3 , 3 0 1  

31 





REAL K l r  K 2 r  K39 K4 
CALL HXHRIT ( T O *  ao, m T o 9  QR)  
QMAX1 0.0 
T = TO 
Q = ao 
DQT DQTO 
DO 1 0 0 0  J = NBEGrNMAX9lO 
J O  9 0 0  I = I r l O  
K 1  = DTaHXHFN(Qr BQTr T 9  QRq R *  TR9 NFNl 
A 1  = Q + DT*DPT/Zm + DT*K118. 
0 1  = 'JQT + 6 1 / 2 0  
c i  = T + DTIZ. 
K2  = DT{$HXHFN(Alr  B l r  C l q  QRr 4 r  TR9 NFNI 

Q 1  = Q + DELTQ 
D Q T l  = UQT + DELTUQ 
TI = T + DT 
1; ( J  .EQ;~) GO TO 3 7 5  
M = O  
N = 9 
I F  (OPT rGTs 0.) M = +1 
I F  (RQT ~ L T I  01)  M 3 -1 
I F  ( n Q T 1  .GT. 0.) N = +1 
I F  (DQTI  .LT. 0.) N -1 
I F  ( M  .tQ. 4) GO TO 8 7 5  
I F  (M .LT* 0 )  GO TO 8 0 0  
I F  (OPT mGE. A B S I C Q T l ) )  GO TO 7 5 0  

GO TO 7 6 0  
7 5 0  OMAX2 = 91 

CALL HXHRIT (  1 1 9  Q 1 9  D a T l r  QR)  
7 6 0  CONTINUE 

8 0 0  1F  (ABS(DQ1) .GE. DQT1) GO TO 8 5 0  
CALL HXHRITC T r  Q 9  OPTr QR1 
GO TO 975 

8 5 0  CALL HXHHIT( T l r  Q l r  D Q T l r  QR) 
8 7 5  Q = Ql 

DQT : D Q T l  

9 0 0  CONTIr4UE 
CALL H X H R I T l  T l r  9 1 9  D P T l r  QR) 
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SURGE FOR Qr ' I 
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SURGE FOR Qp ' 2 

PIPE LINE SURGES 



Ref lect ion  of 
curve t o  show 
Qmin - Q r  > Qmax -Qr 

PIPE L INE SURGES 

ASYMMETRICAL SURGE RESULTING 
FROM VARIABLE DAh"PING 





Overf low Elev. 23.00' 
Length = 35.95' 

1 
14 Equol lengths o f  40.95'- 3.00' 

Contro l  volve 

P l P E  CHECKS 
FLOW INVERT ELEV. 

LENGTH AT TOP 

21 Equol  lenglhs o f  
t u rns  ot 0.92'-, 

NO. I \ 
14 Equal lengths o f  41.25'- 

I - 'PI. El. 15.71' I 

1 
02. " 'P2. El. 13.28' 1 
I ; 

I Pipe check 
CK 3 

1 
+ 2"Ai r  release vent 

'P3, El. 10.95' 
7- Piezometer t o p  

1 4 2.500" O r i f i c e  
CK4 + S l i d i n g  g a t e  - 'P4, El. 8.58' I 

I 
CK5 - 'P5. El. 6.08' J 

I 
CU6 

Q6. - 'P6. El. 3.65' 1 

CK7 

47. 34.75' 
2.00' - 

28.91' 
1.90' 

T A I L  

Overf low Elev. = 2.95' BOX 

PlPE L INE SURGES 

SCHEMATIC DIAGRAM O F  EXPERIMENTAL P l P E  SYSTEM 



PIPE L INE SURGES 

C A L I B R A T I O N  O F  ORIF ICE A T  Q l  



pipe Linc Surges 

SURGE TANK 

Figure 9 
Report Hyd-580 



D + pipe che 

High he1 

n ~ o w  head lo's! 

I .2 

PIPE L I N E  SURGES 

HEAD LOSS VARIATIONS 
LOW AND HIGH HEAD LOSS CONDIT IONS 



HEAD A 1  P 3  

HEAO if P4 

HEAO AT PS 

AH AT 05  

HEAD AT P6 

AH AT 06 

HEAO AT P 7  

AH AT  0 7  

Note - I second ovsroging usod for there records 

PIPE LINE SURQES 

OSCILLOGRAPH RECORD OF SUR6E5,  RUN 569 



FIGURE l Z  
P O R T  nvo -sso  

PIPE LINE 'IURsES 

OSCILLOGRAPH RECORD OF SURGES, RUN 5 1 9  



I E. HEAD SURGE AT P7 

P I P E  L l l E  S Y R B E S  

D I S C H A R G E  A N D  ~ E A D  S U R G E S  
WITH LOW HEAD LOSS AN0 WllHOUT BUROE TANK 





E. HEAD SURGE AT P 4  

D We6lsted i r o n  l u r W  
.t 04 ,Fla.1,1( > 

C. DISCHARGE SURGE AT 0 6  INFLOW L T 9 l  IN CFS 

SURGE TAUK I N  REACH 5 H. HEAD WJROE AT P7  
SURGE TANK IN REACH 5 

P I P E  L I N E  s u n a E s  
D I S C H A R G E  A N D  H E A D  S U R G E S  
wlrn HIGH HEAD 1.055 AND WITH SURGE TANK 

P 
55 



6.-SEAL! SURGE AT P5 
sl.dlCl1d from .urpe 

IMILOW AT Ol IN CFS 

A. DISCHARGE SURGE AT a5 

D. HEAD SURGE AT P 6  

. Runs 9681-592 
0 Pr.drtod from rum. 

0.  DISCHARGE SURGE i T  R 6  

lNROW AT 01 IN CF5 

E. HEAD SURGE AT P7 

PSPL L l M L  S U R G E S  

D I S C H A R G E  
',. WITH HlEH HEAD 



INFLOW AT QI IN CFS 

A. EFFECT OF HEAD LOSS ON SURGE AT Q5 
W I T H O U T  SURGE TANK 

INFLOW AT P I  I N  CFS 

6. EFFECT  OF SURGE TANK ON SURGE AT Q6 
W I T H  LOW HEAD L O S S  

PIPE LINE SURGES 

EFFECTS OF HEAD L O S S  AND SURGE TANK ON SURGES 



A. Air entrainment at d o w n s t r e a n  leg of pipe check .  
Photo  PX-D-60624 



Figurc 10 

-~ - Report Hyd-SRO 

4.  Air  troppctl i n  separation zone of elbow 
Photu PX-D-6flG26. 

B.  Air bubble rising against flow in 
downstream leg of pipe check 
Photo PX-D-6OG27. 

Pipe Line Surges 

AIR EXTRAPM'ENT AND RELEASE 

FOR INFLC 



F I G U R E  2 0  
:PORT H Y O - 8 0 0  

. eeso Seconds opening time 
o 195 Seconds opening time 

I N F L O W  AT Q I  IN C F S  

PIPE LINE SURGES 

C O M P A R I S O N  O F  H E A D  S U R G E S  AT P 6  
FOR S T E A D Y  A N D  U N S T E A D Y  I N F L O W S  

WITH HIGH HEAD L O 5 5  AN0 WITHOUT SURGE TANK 



CONVH(SI0N FACTORS--BRPISH TO METRIC UNITS OF MEASUREMENT 

Ths metric techlllcal unlt oi force is the !dl am force; this is the force which, when ap lled to a body having a 
mass of 1 !q, gives it an accelemtion of 9. %65 m/sec/sec, the standard acceleration $free fall toward the earth's 
center for sea  level at 45 deg latitude. The meMc unit of force in SI untts is the newton (Nl. whlch is deflned a s  
that force which when applled to a bcdy hv lng  a mass of 1 kg, gives it an acceleration of 1 m/sec/sec. These vnits 
must be dlstlnquished from the (lnccmstsnt) local weight of a body having a mass of 1 kg; that is, the weight of a 
body is thst force wlth whlch a body 1s attracted to the earth and is equsl to the mass of a body multifled by the 
accelerailon due to avity. However, because i t  is general ractice to use "pound" rather than the technically 
correct term "p~&force,~~ the term or derlvefmass unit) has been used in thls @& instead of 'Wlogrm- 
force" in  expressing the conversion fac~%%%es. The newton ualt of force dl tlnd lncreaslng use, and is 
e s s e n W  in SI units. 

QUANTITDS AND UNITS OF SPACE 

Multipi~ Bv To obtain 

LENGTH 

) _  . . . . . . .  
exactly). . . . . . . .  

"1 *. . . . . . .  
mcron  
MlUimeters 
Centimeters 
Centimeters 
Meters 
KCometers 
Meters 
Meters 
Kilometers 

. . . . . .  . . . . . . . .  Square inches 6.4518 (exactly) Square centimeters . . . . . . . . . .  . . . . . . . . .  Square feet 92% 03.. S-e centimeters . . . . . . . . .  0.082803 Square meters . . . . . . . . .  . . . . . . . . .  Squsre yrds . . . . . . . .  0.838127 Square meters . . . . . . . . .  Acres 0.40469' Hectares . . . . . . . . . . .  . . . . . . . . . . .  . . . . . . . . .  4,046.9' Square meters . . . . . . . .  . . . . . . . . .  0.0040489* Square ldlometers . . . . . . . . .  ~ s u a r e  h i e s  . . . . . . . .  2.88999. S w e  kuometers 

. . . . . . . . . .  . . . . . . . .  Cubic lnches 16.3871 Cubic eentlmeters . . . . . . . .  . . . . . . . . .  Cubic feet. 0.0283168. Cubic meters . . . . . . . . .  Cubic w d s .  . . . . . . . .  0.764556 Cubic meters 

. . . . . . . . . .  Flvtd ounces (U.S. ) . . . .  28.5737 Cubic centimeters . . . . . . . . . .  . . . .  29.5729 Mllllllters . . . . . . . . .  Liquidpink3N.S.) . . . .  0.473178 Cubic decimeters . . . . . . . . .  0.473186 Liters . . . .  . . . . . . . .  Q v a r t ~ ! U . S ~ ) .  . . . . . .  946.350* Cubic centimeters . . . . . . . .  0.94833i*: Ltters . . . . . . .  . . . . . . . . . .  . . . . . .  Gallons N.S. ). 3,785.43* Cubic centimeters . . . . . . . . .  . . . . . . .  3.78543. ChMc decimeters . . . . . . .  3.78533. Liters . . . . . . .  . . . . . . .  . . . . . .  0.~37~64jC cubic meters . . . . . . . . .  w o n a  t u . ~ . i  . . . . . .  4.54809 cubic decimeters . . . . . . . . .  . . . . . .  4.54686 Liters . . . . . . . . . .  Cublc feet. . . . . . . . .  28.3160 Liters . . . . . . . . . .  cublc 704.55' Liters . . . . . . . . . . .  Acre-%?: : : : : : : : 1,233.6' Cubic meters . . . . . . . .  .1.253.5W* . . . . . . . . . . .  Uters  





ABSTRACT 

Surges of head and discharge were studied experimentally in a laboratory 
pipe system having check structures spaced equally along the pipe. 
Surges developed when the dovnstream portion of the check structures did 
not flow full. The surges were initiated by the release of air en- 
traided in the downstream leg of the cheek structures, and the surges 
were amplified as the flow passed through the successive pipe reaches. 
The experiments were made for various inflows steady at the upstream end 
of the system. Plots of surge magnitude vs. inflow rate showed two 
peaks. One peak apparently resulted from surges initiated by air re- 
lease through the vent downstream of the check structures; the other 
peak originated from surpea initiated by air release through the down- 
stream leg of the check structure. The nonlinear momentum equation was 
intevatea numerically to predict the growth of the diseharge surge from 
one pipe reach to the next. The results were in good agreement with the 
experiments for different head loss conditions and for pipe reaches with 
and without surge tanks. 

ABSTRACT 

Surges of head and discharge vere atudied experimentally in a laboratory 
pipe system having check structures spaced equally along the pipe. 
Surges developed when the dovhstream portion of the cheek structures did 
not flow full. The surges were initiated by the release of air en- 
trained in the downstream leg of the check structures, and the surges 
were amplified as the flow passed through the successive pipe reaches. 
The experiments were made for various inflows steady at the upstream end 
of the system. Plots or surge magnitude us. inflow rate showed two 
peaks. One peak apparently resulted from surges initiated by air re- 
lease through the vent dovnstream of the check structures; the other 
p e ~ k  originated from surges initiated by air release through the dowz- 
stream leg of the check structure. The nonlinear momentum equation was 
integrated numerically to predict the growth of the discharge surge from 
one pipe reach to the next. The results were in good agreement with the 
experiments for different head loss corditions and for pipe reaches with 
and without surge tanks. 

ABSTRACT 

Surges of head and discnarge vere studied experimentally in a laboratory 
pipe systen havi g check structures spaced equally along the pipe. 
Surges developed when the dovnstream portion of the cheek structures did 
not flow full. The surges were initidad by the release of air en- 
trained in the downstream leg of the check ctructures. and the surges 
were amplified as the flow passed through the auecessive pipe reaches. 
The experiments were made for various inflows steady a i  ihe upstream end 
of the Bystem. Plots of surge magnitude vs. inflow rate showed two 
peaks. One peak apparently resulted from surges initiated by air re- 
lease through the vent dovnstream of the check structures; the other 
peak originated from surges initiated by air release through the down- 
stream leg of the check structure. The nonlinear momentum equation vas 
integrated numerically to predict the growth of the discharge surge from 
one pipe reach to the next. The results were it$ good agreement with the 
experiments for different head lass conditions and for pipe reaches vith 
and without surge tanks. 

ABSTRACT 

Surges of head and .iischar&e were studied experimentally in a laboratory 
pipe system having check structures spaced equally along the pipe. 
Surges developed when the downstream portion of the cheek structures did 
not flow full. The surges were initiated by the release of air en- 
trained in the downstream leg of the check structures, and the surges 
were amplified as the flow passed through the successive pipe reaches. 
The experiments were made for various inflows steady at the upstream end 
of the system. Plots of surge magnitude va. inflow rate showed two 
peaks. One peak apparently resulted from surges initiated by air re- 
lease through the vent downstream of the check structures; the other 
peak originated from surges initiated by air release through the down- 
stream leg of the check structure. The nonlinear momentvm equation was 
integrated numerically to predict the growth of the discharge surge from 
one pipe reach to the next. The results were in good a~reement vith the 
experiments for different head lass conditions and far pipe reaches with 
and vithout surge tanks. 



'" Holley. E R 
SURGING I N  A LRBORA'IVRY PIPELINE WITH STFADY INFLOW 
USBR l a b  Rept Hyd-580, Hyd Br, Sept 1967. Bureau of Reclermatian, 
Denver, Colo, 20 p, 20 f i g ,  3 t a b ,  7 r e f ,  append 
DESCRIPTORS-- ' surged hydraulic models/ laboratory t e s t s /  
surge tanks/ 010sed conduit flow/ f l u i d  flow/ f l u i d  mechanics/ computer 
provamming/ hydrsul icsl  air  entrainment1 check s t ruc tures /  osc i l l a t ion /  
*vater pipes/ momentum 
IDENTIFIERS-- *pipeline s u r g e d  Runge-Kutta method/ surge waves 
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Holley, E R 
SURGING I N  A IABORA'IVRY PIPELINE WITH STEADY INFLOW 
USER Lab Rept Hyd-580, Ryd Br. Sept 1967. Bureau of Reclamation, 
Denver, Colo.20 p,20 f i g ,  3 tab.  7 r e f ,  append 
DESCRIPTORS-- *pipelines/ *surges/ hydraulic &els/ laboratory t e a t s /  
surge tanks/ closed conduit f l o v l  f l u i d  flow/ f l u i d  mechanics/ computer 
programming/ hydraulics1 a i r  entrainment1 check s t ruc tures /  osc i l l a t ion /  
.water pipes1 momentum 
IDEATIYIERS-- *pipeline surges/ Runge-Kutta methodl surge waves 

Holley, E R 
SURGING I N  A AORA'IGRY PIPELINE WITH STEADY INFLOW 
USER l a b  Rept Hyd-580, Hyd Br, Sept 1967. Bureau of Reclamation, 
Denver, Colo. 20 P, 20 f i g ,  3 tab ,  7 r e f ,  append 
DESCRIPPORS-- 'pipelineal *surges/ hydraulic models1 l a b o r a t o h  t e s t s 1  
surge tanks1 closed conduit flow/ f l u i d  flow1 f l u i d  mechanics/ computer . . 
proseaming/ hydraulics1 a i r  entrainment/ check s t ruc tures1  o s f i l l a t i o n l  
"water pipes; momentum 
IDENTIFIERS- *pipel ine s u r g e d  Rage-Kutta method/ surge waves 
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Holley, E R 
SURGING I N  A AORATORY PIPnINE WITH STEPJ)Y INFLOW 
USER Lab Rept Hyd-580, Hyd Br, Sept 1967. Bureau of Reclamation, 
Denver, Colo, r) p.20 f i g ,  3 tab ,  7 r e f ,  append 
DESCRIPTORS-- 'pipelines1 *surges/ hydraulic modelsf laboratory t e s t a /  
surge tanks/ closed conduit flow/ f l u i d  flow/ f lu id  mechanics/ computer 

t adrau l ics l  a i r  entrainment1 check s t r u c t u r e d  osc i l l a t ion /  
*water pipes/ mmntum 
IDENTIFIERS-- *pipeline surges/ Runge-Kutta method1 surge waves 


